From surface hardening of steels to doping of semiconductors, atom insertion in solids plays an important role in modifying chemical, physical, and electronic properties of materials for a variety of applications. High densities of atomic insertion in a solid can result in dramatic structural transformations and associated changes in mechanical behavior: This is particularly evident during electrochemical cycling of novel battery electrodes, such as alloying anodes, conversion oxides, and sulfur and oxygen cathodes. Silicon, which undergoes 400% volume expansion when alloying with lithium, is an extreme case and represents an excellent model system for study. Here, we show that fracture locations are highly anisotropic for lithiation of crystalline Si nanopillars and that fracture is strongly correlated with previously discovered anisotropic expansion. Contrary to earlier theoretical models based on diffusion-induced stresses where fracture is predicted to occur in the core of the pillars during lithiation, the observed cracks are present only in the amorphous lithiated shell. We also show that the critical fracture size is between about 240 and 360 nm and that it depends on the electrochemical reaction rate.
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anisotropy | lithium ion battery | plasticity | silicon anode I n modern high-energy density battery systems, the primary mechanism for energy storage is the insertion of secondary species into solid electrodes, as opposed to the surface reactions that occur in many traditional electrochemical systems (1, 2) . In these batteries, understanding how the inserted species interacts with and changes the original material is vital for good performance. For long-term battery cycling with good capacity retention, cyclical insertion and extraction of secondary species during battery charge and discharge must occur with minimal irreversible structural changes that degrade storage capacity in the solid electrode material. Most commercial Li-ion batteries employ positive and negative electrode materials that react through an intercalation mechanism in which Li atoms are inserted and extracted from layered host structures with only small associated strains and structural changes (1, 2) . These well-understood intercalation reactions allow for capacity retention over many cycles, but the specific capacity of intercalation materials is limited due to the weight of the atomic framework. Negative electrode materials that react with Li through an alloying mechanism have a much higher specific capacity, but large volume changes during lithium insertion/extraction can cause capacity fade with cycling due to fracture of the electrode materials (3, 4) . Therefore, the control of structural and volume changes during Li insertion/extraction in these alloying electrode materials is essential for good performance.
Silicon, a Li-alloy negative electrode material, has an especially high theoretical lithium storage capacity of 4;200 mA hg −1 (approximately 10 times that of conventional graphite negative electrodes) (5-7). Capacity fade due to the 400% volume expansion generally plagues Si electrodes made from micron-sized particles (8, 9) , but recently, Si nanostructures such as nanowires, nanotubes, and nanoparticles have shown improved cycling and fracture resistance because of lower stresses present during volume changes (10) (11) (12) (13) (14) (15) (16) . Although these nanostructures have shown good behavior, the intricacies of how structural changes occur and the circumstances causing fracture are not well understood. Various theoretical models have been developed to study mechanical fracture of amorphous Si during electrochemical Li insertion by considering Li diffusion-induced stresses (17) (18) (19) (20) . These models have revealed that high stresses are possible and have also suggested a critical size below which Si nanostructures will avoid fracture; in one study, experimental evidence of fracture in Si nanowires corroborated theoretical predictions (18) . However, recent experimental work has shown anisotropic volume expansion behavior along h110i crystalline directions during lithiation of crystalline Si nanostructures such as nanopillars, nanowires, and fabricated microstructures (21) (22) (23) . These experimental observations possibly indicate the presence of more complicated mechanical stress states and different fracture behavior than has previously been modeled. Also, because the initial lithiation of crystalline Si nanostructures generally proceeds via a two-phase reaction in which a lithiated amorphous phase grows inward and consumes the crystal, the fracture characteristics of crystalline Si could be different than amorphous Si (24) (25) (26) (27) (28) . As such, it is necessary to experimentally develop a full understanding of the nature of alloying-induced fracture in Si nanostructures. In this paper, we show that fracture can occur at the surface during lithiation of crystalline Si nanopillars, and that the presence and location of fracture is strongly affected by nanopillar crystalline orientation, diameter, and the electrochemical reaction rate.
The Si nanopillars used in this study were fabricated by dry etching of single-crystalline Si wafers of various crystal orientations (h100i, h110i, and h111i) using drop-cast silica spheres as the etch mask as shown in Fig. S1 (29, 30) . The pillar diameter is primarily controlled by the diameter of the silica spheres. After initial fabrication, thermal oxidation and HF etching can be used to further remove material from the pillars to precisely tune their size. For electrochemical lithiation/delithiation, pieces of a Si wafer with area of approximately 25 mm 2 on which nanopillars had been fabricated were used as the working electrode in half cells with Li foil as the counter/reference electrode as shown in Fig. S2 . For lithiation, the potential of the working electrode was swept to 10 mV vs. Li∕Li þ and held for 10 h. The sweep rate varied from 0.1 mV∕s to infinite (immediately applying the lithiation potential of 10 mV without sweeping). For delithiation, the pillars were first lithiated with a very slow sweep rate (0.005 mV∕s) to prevent fracture, and then they were held at 10 mV for 10 h. Next, the voltage was swept to 2 V using various sweep rates and held for 10 h. After electrochemical treatment, the samples were washed in acetonitrile in an Ar-filled glove box and observed with an SEM. Results Fig. 1 shows SEM images of cracks in Si nanopillars of each axial orientation after full lithiation. Fig. 1 A-C shows top-down views of lithiated nanopillars that reveal how the pillars expand laterally and where fracture occurs. The insets in Fig. 1 A-C are results showing fully lithiated Si nanopillars of each axial crystal orientation without cracks (they were lithiated with a slow rate) (22) ; before lithiation, the pillars are circular in cross-section as shown in Fig. S3 . Fig. 1 D-F shows corresponding side views of nanopillars of each axial orientation after lithiation. As we have previously reported, lateral expansion occurs preferentially at f110g surfaces, resulting in the h100i axially oriented pillars expanding into a cross shape, the h110i pillars expanding into an ellipse, and the h111i pillars expanding into a circle (22) . As evidenced by the images in Fig. 1 , cracks are also observed in some of the nanopillars after lithiation. In all three types of pillars, lithiation causes cracks to propagate along the axis at the surface of the pillars, as indicated by the red arrows in Fig. 1 , suggesting that tensile hoop stress develops at the surface of the nanopillars during lithiation. This observation runs counter to modeling results based on diffusion-induced stresses which predict compressive hoop stresses at the surface of Si nanostructures during lithiation and the inhibition of crack formation and growth (17) (18) (19) .
The fracture locations of each of the pillars shown in Fig. 1 were consistently observed over many samples. Cracks in h100i pillars ( Fig. 1 A and D) are located at some of the four inner corners of the expanded cross shape, which causes the two arms of the cross next to the crack to be widened and distorted. In h110i pillars, cracks are commonly found at the minor axis of the ellipse 90°from the f110g lateral surfaces, as shown in Fig. 1 B and E. Another study has similarly shown that a h112i axially oriented nanowire with two f110g lateral surfaces also develops cracks along the axis upon lithiation (23) . Finally, as shown in Fig. 1 C and F, h111i pillars also develop cracks along the axial direction, but it is unclear from these images the precise relationship between crystalline orientation and fracture location.
To enrich these observations, statistical analysis was performed by measuring the angular orientation of cracks in many nanopillar samples of each axial orientation; these results are presented in Fig. 2 . The angular orientation of each crack was measured from the horizontal dashed line (reference) to the solid line (fracture location), as shown in the cross-sectional schematics in Fig. 2 . The data for each axial orientation are presented in the column charts in Fig. 2 , and it is evident that there are clear tendencies for the nanopillars to fracture at certain angular orientations. As shown in Fig. 2A , most cracks on h100i pillars are found clustered around angles of 45, 135, 225, and 315°, which are 90°from each other. This finding corresponds to fracture on the surface of f100g lateral planes which are situated at 45°angles from the preferentially expanded f110g lateral planes (see schematic in Fig. 2A ). Pillars with h110i axes show similar fracture tendencies ( Fig. 2B ): All cracks are found clustered around 145 and 325°( 180°apart), corresponding to the two f100g lateral planes which are 90°from the f110g lateral planes. Finally, Fig. 2C shows that h111i axially oriented pillars exhibit cracks primarily around angles of 30, 90, 210, and 270°, which correspond to f112g lateral planes located between the f110g lateral planes. Less frequently, cracks were also found at f110g lateral surfaces. Overall, the different axially oriented pillars fracture in a similar manner during lithiation: Cracks develop primarily at the sidewalls of the pillars between neighboring f110g planes regardless of the angle over which the f110g planes are separated.
To further confirm that the cracks nucleate at the surface, we performed experiments in which h111i axially oriented pillars were partially lithiated, resulting in structures with crystalline Si cores and amorphous lithiated shells, as shown in Fig. 3A . The nanopillars were partially lithiated by sweeping to and holding at 80 mV vs. Li∕Li þ for 10 h, which is slightly higher than the full lithiation potential of 10 mV. The pristine nanopillar diameter was 430 nm, and the voltage sweep rate was 0.1 mV∕s. The image in Fig. 3A shows that the core and shell of the partially lithiated pillars produce different SEM contrast, and there are cracks in the lithiated amorphous shell. After etching the amorphous Li-Si alloy in methanol (31) (see Fig. S4 for details), the crystalline cores of the pillars are revealed, as shown in Fig. 3B . The remaining crystalline cores are circular in shape and do not contain cracks or defects, indicating that the cracks that form in the lithiated shell do not propagate into the crystalline core. A recent study also showed similar fracture at the amorphous surface during lithiation of crystalline Si nanoparticles, which was attributed to tensile hoop stress that develops at the surface due to the growth of the amorphous phase at the crystalline/amorphous interface (32) . For a partially lithiated cylindrical nanopillar with a Si core radius of a and an outside radius of b, the tensile hoop stress in the amorphous phase would be approximately σ θ ¼ Y ½1 − lnðb∕rÞ if the amorphous phase is fully plastic at the yield stress Y . This simple model is based on the expansion of a pressurized thick-walled tube with yield strength Y (33, 34) (see Fig. S5 for details) .
Taken together, the images and statistical analysis in Figs. 1-3 indicate that (i) fracture occurs at the surface of the nanopillars during lithiation and (ii) cracks are located on the sidewalls between neighboring f110g lateral surfaces. Based on our observation that cracks occur at specific angular locations in each of the nanopillars, we propose that anisotropic expansion of the nanopillars might result in intensified tensile hoop stress on the surface at locations between f110g lateral surfaces. This concept is illustrated in the schematic in Fig. 3C , which shows a top-down view of a lithiated h110i axially oriented nanopillar. The initially circular h110i pillar expands to an elliptical shape, and the crystal core shrinks anisotropically so that it is thinner along the h110i lateral directions because these directions are lithiated preferentially. In this pillar, the h110i preferential volume expansion could lead to tensile hoop stress concentrations at the two f100g lateral surfaces that are perpendicular to the f110g lateral surfaces. In the h100i and h111i pillars, fracture also occurs primarily between f110g lateral planes, which indicates that there also could be intensified tensile hoop stress at these locations in these other nanopillars (see Fig. S6 for schematics) .
In the previous discussion, we have considered nanopillars of a single size after only lithiation. To develop a more thorough understanding of the fracture process, we also examined nanopillars of various sizes after lithiation and delithiation. Fig. 4 shows images of h111i axially oriented nanopillars with initial diameters of 240 and 390 nm before electrochemical reaction, after lithiation, and after delithiation. For nanopillars that were observed after lithiation, the potentials of nanopillar electrodes in half cells were swept at 1 mV∕s to 10 mVand held for 10 h. For observation after delithiation, pillars were first lithiated with a very slow sweep rate (0.005 mV∕s) to avoid fracture, held at 10 mV for 10 h, and then they were delithiated by sweeping the voltage at 1 mV∕s to 2 V and holding for 10 h. Pristine 240-nm-diameter pillars (Fig. 4A) expand to almost twice their initial diameter after lithiation (Fig. 4B ) and then contract back to their original size after delithiation (Fig. 4C) . Most pillars of this size maintained The movement of the two-phase crystalline/amorphous interface into the crystal core has been proposed to generate tensile hoop stress at the surface of nanostructures (32) , and anisotropic volume expansion at lateral f110g surfaces could serve to intensify this stress at locations between these surfaces. The schematic shows a lithiated h110i axially oriented nanopillar that experiences tensile hoop stress and eventual fracture at the f100g lateral surfaces due to the anisotropic expansion. their original cylindrical shape after one lithiation/delithiation cycle, and cracks were found in only a few pillars. Smaller 140-nmdiameter pillars also showed the same behavior (Fig. S7 ). In contrast, most larger 390-nm-diameter pillars (Fig. 4D ) fracture after lithiation (Fig. 4E) , and severe cracks propagate through the central axis and separate the entire pillar structure after delithiation (Fig. 4F, see Fig. S8 for details). The column chart in Fig. 4G shows the average pristine, lithiated, and delithiated diameters from more than 30 pillars with 140 and 240 nm initial diameters. The 140-and 240-nm-diameter nanopillars expand to 319 and 545 nm after lithiation and contract back to 161 and 236 nm after delithiation, respectively. The error bars on the chart indicate standard deviation. The change in diameter for larger pillars could not be measured accurately because of severe cracks.
To further investigate the effects of size and reaction rate on the fracture of Si nanostructures during lithiation and delithiation, h111i Si pillars with diameters between 140 and 390 nm were lithiated and delithiated using various voltage sweep rates ranging from 0.1 mV∕s to infinite (applying the lithiation voltage immediately without sweeping). The faster sweep rates result in faster electrochemical reaction of the nanopillars. Similarly to the previous experiments, the voltage was swept to 10 mV for lithiation and 2 V for delithiation and held at each vertex potential for 10 h. After lithiation or delithiation, the fraction of cracked pillars was counted using SEM. For the obvious cases in which the fracture ratio was less than 2% or more than 90%, about 50 pillars were counted. For intermediate cases, more than 150 pillars were counted. Fig. 5A shows the fraction of fractured pillars of different initial diameters after lithiation at various voltage sweep rates. For pillars with 140-nm initial diameter, only a few cracks were found, and the overall fracture ratio was less than 2% when the sweep rates were between 0.1 and 10 mV∕s and 4% when the voltage was immediately applied without sweeping. In contrast, the fracture ratio of larger 240-nm-diameter pillars is more strongly dependent on the voltage sweep rate. At the slowest sweep rate (0.1 mV∕s), there were no observed cracks in the pillars, but the fracture ratio grows for faster sweep rates. The fracture ratios are 13.4, 13.9, and 22.4% for voltage sweep rates of 1 and 10 mV∕s, and immediate hold without a sweep, respectively. The larger pillars with 360-and 390-nm diameters show severe fracture (greater than 88% fracture ratio) at all voltage sweep rates. Fig. 5B shows the fracture ratio of pillars with smaller initial diameters (140 and 240 nm) after delithiation using various voltage sweep rates. The fracture ratio for larger pillars could not be measured accurately after delithiation because the lithiation step already causes fracture in most pillars even at very low sweep rates. Both the 140-and 240-nm-diameter pillars exhibit low fracture ratios (<5.5%) for all voltage sweep rates after delithiation; this is in contrast to the results after lithiation, where 240-nm-diameter pillars show an increased fracture ratio with higher voltage sweep rate. Overall, this data series shows that there is a critical size for fracture upon lithiation of crystalline Si particles that depends on lithiation rate, and that this critical size is between about 240 and 360 nm. During delithiation, the amorphous Li-Si alloy is converted to amorphous Si, and the data suggest that the critical size for fracture is somewhat larger than 240 nm because very few 240-nm nanopillars were observed to fracture upon delithiation. As discussed previously, the initial conversion of the crystalline Si to amorphous lithiated Si proceeds via movement of a twophase interface, whereas the delithiation of amorphous Si is a one-phase reaction (4, 27, 28) . As such, the stresses that develop during these processes are different, and the data here indicate that the critical size for fracture is different. This interesting observation suggests that the lithiation/delithiation of amorphous Si could result in lower stresses or a different stress state than in crystalline Si, and that fracture might occur less readily in initially amorphous structures.
A critical diameter of d c 0 ≈ 300 nm is not inconsistent with a fracture mechanics description of these events. According to the plasticity result cited above, as the crystalline Si core is lithiated, the growing amorphous shell can be under a hoop tensile stress over a domain extending from r ¼ b∕e to r ¼ b, where b is the outside radius of the fully lithiated nanopillar. We assume that for the fully lithiated state the diameter increases by a factor of about two, so that b ≈ d 0 , where d 0 is the initial diameter of the crystalline Si nanopillar. Taking the average tensile hoop stress,σ θ ¼ Y ∕ðe − 1Þ, and the crack length to be as much as b − b∕e, we find a stress intensity factor of K≈ 
Conclusion
In summary, we investigate fracture in Si nanopillars of different axial orientation and size during the first cycle of lithiation and delithiation. It was found that, upon lithiation, fracture sites are located at the surface of nanopillars between neighboring f110g lateral planes. Modeling of diffusion-induced stress during single-phase lithiation of Si structures has predicted compressive hoop stress to exist at the surface during lithiation (18) , which makes our experimental observations of surface cracks intriguing. Previous work has attributed surface cracking in crystalline nanostructures to tensile hoop stress that develops due the movement of the two-phase interface. We propose that anisotropic expansion of the crystal could result in intensified tensile hoop stress at the fracture locations observed in our study. Statistical analysis of the fracture ratio for h111i Si pillars reveals that pillars of smaller size lithiated at slower rates usually avoid fracture, whereas larger nanopillars usually fracture at all lithiation rates. The critical diameter for fracture is between 240 and 360 nm during lithiation and is probably higher for delithiation. Overall, the observations in this paper are expected to provide better insight for the design of Si anodes because the unexpected fracture upon first lithiation of these nanopillars could result in significant capacity loss on the first cycle.
Materials and Methods
Silica Nanoparticle Synthesis. Silica nanoparticles were produced by a modified Stöber synthesis (36) . Briefly, a 1.3 mL tetraethyl orthosilicate was mixed with 10 ml ethanol, and then a NH 4 OH∕ethanol solution was added to precipitate silica. After 8 h of reaction, the spheres were centrifuged and cleaned with ethanol and methanol. Silica nanospheres with 600-nm diameter were produced.
Silicon Nanopillar Fabrication. Silicon wafers (p type, 10-20 Ω · cm, 500 to approximately 550-μm thick) with h100i, h110i, and h111i axes were first cleaned with O 2 plasma for 5 min and then the colloid of silica nanospheres was dispersed on the wafer and allowed to dry. These Si wafers were then etched using the Bosch process with a Deep Reactive Ion Etcher (Surface Technology Systems Co.) SF 6 (50 sccm) and C 4 H 8 (80 sccm) were used for etching and passivation with 3 and 6 s active times, respectively. The total etching time was 7 to approximately 9 min at 350 W of rf power. After dry etching, wet etching with concentrated HF for several seconds dissolved the remaining silica nanospheres on top of the pillars.
Electrochemistry and Structural Characterization. Half cells were made with pieces of the wafers on which Si nanopillars had been etched as the working electrode. Li foil was used as the counter/reference electrode. Polymer separators from Nagase were placed between the two electrodes, and the sandwich structure was sealed in a pouch with external electrical leads. The electrolyte was 1 M LiPF 6 in ethylene carbonate/diethyl carbonate (1∶1; Merck). For lithiation/delithiation, linear sweep voltammetry was used on either a Bio-logic VMP3 battery tester or an Arbin BT2000. For lithiation, the voltage was swept at varying rates from the open circuit voltage to 10 mV vs. Li∕Li þ , where it was held for 10 h to ensure complete lithiation of the nanopillars. For delithiation, the voltage was swept from 10 mV to
